We used T1 oligonucleotide maps, in conjunction with available nucleotide sequences of appropriate C-type viruses, to identify regions of the viral genome that distinguish two biological classes of mink cell focus-forming (MCF) viruses described previously by Cloyd et al. (J. Exp. Med. 151:542-522, 1980). We found that leukemogenic MCF viruses from thymus differed from non-leukemogenic MCFs isolated from nonthymic neoplasms in nucleotide sequences encoding Prpl5E and the U3 portion of the long terminal repeat (LTR). The thymic isolates possessed recombinant Prp15E genes, with the 5' to mid portion derived from their ecotropic parents and the extreme 3' portion invariably derived from their nonecotropi'c parents. These viruses probably derived the entire U3 portion of their LTRs from their nonecotropic parents. The nonthymic MCFs appeared to inherit their entire Prp15E coding region from their nonecotropic parents. We failed to detect consistent differences in gp7O-coding sequences between the two groups of MCFs, but this may simply reflect limitations of the data. The studies presented here, in conjunction with studies from a number of labs indicating a role for MCF gp7O in leukemogenesis, indicate that three genetic elements, gp7O, p1SE, and the U3 portion of the LTR, may all play a role in determining the leukemogenic phenotype of type C viruses of high-leukemic inbred mice.
High-leukemic inbred strains of mice inherit DNA copies of ecotropic type C viruses, and expression of these loci results in a lifelong viremia (21, 32) . Despite compelling evidence that this viremia ultimately results in leukemia (32) , a number of findings have suggested that the inherited ecotropic viruses themselves are not leukemogenic but rather give rise, by genetic recombination, to novel type C viruses which are the proximal leukemogenic agents of inbred mice (14, 16, 18, 26, 34) . One group of recombinant viruses which may serve as inducers of leukemia are the mink cell focus-forming (MCF) viruses described by Hartley et al. (14) and by Fischinger et al. (10) . MCF viruses apparently arise during the lifetime of high-ecotropic-virus mice by recombination between endogenous ecotropic and nonecotropic viruses and invariably appear in leukemias or at the sites of their imminent appearance (14) . They possess novel gp70s and, as a result, a novel host range, being t Present address: The University of Hong Kong, Hong Kong. able to infect mouse cells like their ecotropic progenitors and mink cells like their putative xenotropic progenitors (3, 6, 8, 9, 31) .
To test the hypothesis that MCF viruses are the proximal leukemogenic agents of inbred mice, Cloyd et al. (4, 33) determined the oncogenicity of a set of cloned MCF viruses obtained from preleukemic or leukemic mice of highleukemic strains. Surprisingly, these viruses fell into two biological groups depending on their mouse strain of origin and the correlated property of whether that strain develops thymomas or leukemias localized grossly in the spleen, these being chiefly tumors of cell lineages other than T cells (Rowe, (38) , Herr and Corbin (see reference 19) , and Lenz et al. (20) have sequenced, respectively, the LTR-, Prpl5E-, and gp7O-coding regions of Akv virus. These studies have allowed us to precisely localize T, oligonucleotides that distinguish the biological classes of MCF viruses. We find that these oligonucleotides comprise sequences coding for Prp15E and the U3 portion of the LTR. (22) . c NT, Not tested. 
TWO CLASSES OF MCF TYPE C VIRUSES IN MICE

277
MATERIALS AND METHODS Viruses. The origins of the majority of strains studied here are described in Cloyd et al. (4) . Three additional strains from NFS mice congenic for Akv-J were studied. These were strains Akv-1-C311, from normal thymus of a 7-month-old mouse, and Akv-1-C44-1 and Akv-1-C44-2, from splenic lymphomas in 18-month-old littermates. Strain Akv-J-C311 did not accelerate AKR lymphoma, but in the one mouse tested at 2 months after inoculation, the virus had grown to high titer. It resembled other MCFs of thymic origin in having lower plating efficiency (8-to 10-fold) on NFS embryo cells than on Sc-i cells. Strains Akv-1-C44-1 and -C44-2 plated with equal efficiency on the two cell types, as is characteristic of other MCFs of nonthymic origin. Strain Akv-1-C44-2 was non-lymphomagenic in AKR; strain Akv-1-C44-1 was not tested. All viruses were cloned by two cycles of limiting dilution purification in mink lung cell cultures.
RNase T, fingerprints and identification of large T, oligonucleotides by secondary digestion. The preparation of uniformly 32P-labeled MCF viral RNA, its digestion with RNase T1, and separation of the resulting T, oligonucleotides by two-dimensional gel electrophoresis were performed as described previously (7) . The large T1 oligonucleotides were eluted from the gels and analyzed further by digestion with pancreatic A Akv-`R Nase as described previously (7) . All viruses were analyzed at least twice, as were all T, oligonucleotides analyzed in each viral fingerprint. In some cases, it was difficult to obtain sufficient amounts of radioactively labeled viral RNA to allow accurate quantitation of the secondary digestion products of individual T, oligonucleotides. Thus, these products were frequently analyzed qualitatively and quantitated visually. We believe that visual analysis of the secondary digestion products, combined with the electrophoretic mobility of the T, oligonucleotides in the fingerprinting gels, probably provides as accurate an identification as obtained by quantitation of the radioactivity present in each secondary digestion product.
RESULTS
The MCF viruses whose biological properties were studied by Cloyd et al. (4, 33) end of the genome as shown in Fig. 8 and 9 . This observation would seem to provide important evidence that the T, oligonucleotide map differences we observed significantly reflect the biological differences between thymic and splenic MCFs.
The unusual MCF isolate Akv-1-C36, obtained from a leukemia of an NFS.Akv-J congenic mouse, whose primary tissue of localization was unclear (Table 1) , has biological properties intermediate between those of class I and II MCFs. As noted previously (23) , the genome of this virus resembles class I MCFs in having T, oligonucleotides encoding pl5E shared with the ecotropic parent, but it resembles class II MCFs in possessing the ecotropic T1 oligonucleotide (14) located in the U3 portion of the LTR.
(ii) Positions of some MCF-specific T1 oligonucleotides. We analyzed 37 Fig. 2. only three of the MCF-specific T, oligonucleotides we had analyzed (19) . The placement of these three important oligonucleotides is shown in Fig. 7B . The presence or absence of the nine crudely mapped and the three precisely localized MCF-specific T, oligonucleotides for all the MCFs studied is shown in Fig. 10 . It is apparent from Fig. 10 that the nonecotropic parents of MCFs are a highly related set of viruses. Interestingly, the two classes of MCF viruses, with the exception of the unusual class I isolate MCF Akv-J-C311 (see below), can be distinguished by T1 oligonucleotide 108, located in the U3 portion of the LTR. Note also that all MCFs (with the possible exception of MCF Akv-J-C36) possess the MCF-specific T, oligonucleotide designated 101 that lies at the C-terminal end of Prpl5E-coding sequences (20) . By analogy with studies of Moloney murine leukemia virus, it seems likely that this T1 oligonucleotide encodes a region of Prpl5E that is cleaved off during the maturation of virus particles to yield mature pl5E and a small peptide (12, 17, 40) .
Interestingly, the unusual non-leukemogenic, thymic MCF isolate Akv-J-C311 differs from other class I MCFs in its LTR. Although, as shown above, it has lost the ecotropic LTR oligonucleotide 14 , unpublished results) . The precise placement of T1 oligonucleotides within these boundaries is arbitrary, except at the ends of the genome where only T1 oligonucleotide 14 was found to lie within the LTR. All other T1 oligonucleotides are equally spaced, outside the LTR, between the restriction site boundaries. The dotted lines indicate the beginnings of mature gp70 and pl5E coding sequences and of the LTR and are positioned by using nucleotide sequence data (19, 20, 38) . (B) T1 oligonucleotide map of the 3' end of Akv virus. The precise placement of T1 oligonucleotides is based on nucleotide sequence data (19, 20) . Definition of the amino terminus of Prpl5E from nucleotide sequences was by analogy with data for Moloney leukemia virus. Only the carboxyl terminal portion of gp7O-coding sequences are shown. Several commonly used restriction endonuclease sites are indicated above the T1 oligonucleotide maps. 101, 106, and 108 are MCF-specific T1 oligonucleotides whose precise positions relative to Akv T1 oligonucleotides were determined from nucleotide sequence data (19 (19) located 58 nucleotides to the 5' side of oligonucleotide 18, and within plSE coding sequences, is ecotropic specific and present in class I MCFs. Thus, we conclude that the oligonucleotide 18 present in thymic class I MCFs was derived from the ecotropic parents. This conclusion, in conjunction with the presence of ecotropic type-specific T, oligonucleotides in the 5' end of MCF genomes, the presence of nonecotropic sequences encoding portions of gp7O, the C-terminal end of Prpl5E, and the U3 region, means that class I MCFs arise by a minimum of three crossover events (at least two events surrounding gp7O coding sequences and one in the middle or toward the 3' end of the Prpl5E-coding sequences).
Although the 5' to midportion of the pl5E gene is inherited from the ecotropic parent in class I MCFs, these viruses invariably derive sequences encoding the C-terminal end of Prp15E from their nonecotropic parent. This region of the genome is monitored by the MCFspecific T1 oligonucleotide designated 101, which is present in all the class I and class II MCF viruses analyzed here. DNA sequencing of a DNA clone of MCF 247 and the corresponding region of Akv virus revealed that oligonucleotide 101 signals a region of alteration in MCF 247 relative to its ecotropic parent that extends out to the 3' end of the genome (19) . In MCF 247, the introduction of non-Akv sequences in this region results in changes in amino acids near the C terminus of Prpl5E (19, 20) . Akv virus possesses the sequence lys-thr-ile-glu-asp-cys-lys- ser-arg-glu, MCF 247 has lys-ser-ile-asp-pro-gluglu-val-glu-ser-arg-glu. These amino acids may be cleaved off during virus maturation to yield mature pl5E (12, 17, 40) . Why the nucleotide or amino acid sequences in this region might be critical to the phenotype or to the construction of viable MCF viruses is unknown. It should be noted that although all class I and II MCF viruses share T1 oligonucleotide 101 at the 3' end of env, it is of course possible that the precise nucleotide (and amino acid) sequences surrounding this oligonucleotide differ for the two sets of viruses.
Our observations would seem to confirm the importance of nucleotide sequences of pl5E in determining the biological properties of class I versus class II MCFs, but they do not allow us to conclude which (if any) of the recognized phenotypes of class I MCF viruses depend on the presence of ecotropic sequences in the amino terminal half of the pl5E gene. However, analysis of a set of weakly leukemogenic viruses isolated from AKR mice by O'Donnell et al. (27) implies that the presence of ecotropic sequences encoding the middle of pl5E in class I MCFs is genetically linked to the highly leukemogenic phenotype (Lung, O'Donnell, and Hopkins, unpublished results).
Oligonucleotide 26 lies in the putative origin of +DNA strand synthesis, between Prpl5E and the LTR. This region of the genome is highly conserved among murine leukemia viruses, and so, not surprisingly, oligonucleotide 26 is found in ecotropic as well as class I and II MCFs. In class I MCFs this entire region is almost certainly derived from the nonecotropic parent.
(ui) U3. It is probable that all of the class I (thymic) MCFs derive the entire U3 portion of their LTRs from their putative xenotropic parents, a result confirmed for MCF 247, whose LTR has been sequenced (19) . All class I MCFs lack ecotropic T, oligonucleotide 14 ( Fig. 8 and   9 ), and, with the exception of the unusual thymic isolate MCF Akv-1-C311, all possess oligonucleotides 106 and 108 in U3 (Fig. 10) (31) (29, 36) , where these sequences may affect transcriptional activation of the cellular myc gene (15, 25, 28) .
gp7O. Our analysis failed to detect consistent differences in gp70-coding sequences between the two biological classes of MCF viruses. However, it is entirely possible that this simply reflects limitations of the data. Futhermore, we have never been able to identify ecotropic T1 oligonucleotides that might be correlated with the mouse-tropic phenotype of dual tropic MCF viruses. This might reflect the fact that T1 oligonucleotides represent only 5 to 10%o of the genome. For example, Coffin and his collaborators found that dual-tropic avian type C viruses obtained by recombination of subgroup B or D and E viruses possessed only one of the recognized parental subgroup E T1 oligonucleotides located in the gp85-coding sequences (37) . Alternatively, the gp70s of some MCFs may be inherited in toto from as yet unidentified endogenous viruses with dual tropic host range, a possibility suggested by several investigators (2; A. Rein, submitted for publication).
Our observations concerning sequence patterns in the sequences coding Prpl5E, the Cterminal portion of gp7O, and the LTR of class I versus class II MCFs are summarized in Fig. 11 .
Further observations concerning the nonecotropic parents of MCF viruses. Examination of MCF genomic T1 fingerprints reveals that the nonecotropic, putatively xenotropic, parents of MCFs are a highly related set of viral genomes (Table 2 and Fig. 10 ). The data are not sufficient to allow us to determine how many different xenotropic genomes can participate in the formation of MCFs within a given inbred strain, although one can say with confidence that the MCF isolate Akv-1-C44-2 had a different nonecotropic parent(s) than the other isolates from NFS.Akv-1 congenic mice.
Several years ago, J. Rommelaere and N. Hopkins analyzed RNase T1 fingerprints of xenotropic viruses isolated from several inbred mouse strains in an attempt to identify the nonecotropic parents of MCF viruses (unpublished results). These studies revealed that certain xenotropic viruses possess many, and in some cases almost all, of the nonecotropic T1 oligonucleotides present in MCF viruses and thus are clearly highly related to the missing MCF parents. However, the xenotropic viruses usually lack at least one or more MCF-specific T1 oligonucleotides, suggesting that the xenotropic viruses readily obtained from inbred mice may not be those involved in MCF formation. Others have reached similar conclusions (8, 11) .
The oligonucleotide data indicate that MCF virus formation involves multiple recombinational events; these events might occur sequen- Conclusions. The original suggestion of Hartley et al. (14) that MCF viruses might be the proximal leukemogens of high-leukemic mice has received support from the ability of certain MCFs to induce leukemia (4) , from the inevitable appearance of MCFs in leukemias induced by a variety of ecotropic viruses (14, 35) , and from the recent finding that although AKR and other high-virus mouse strain leukemias possess multiple reinsertions of type C viruses these reinsertions are seldom ecotropic proviral genomes, but rather appear to be MCF proviruses (39 of an MCF infection. In particular, they might affect the ability of a virus to replicate efficiently in appropriate cell types or affect the ability of the host to respond immunologically to the virus or to infected cells, two interactions known to affect the susceptibility of mice to type C viral leukemogenesis (21; T. Cloyd, J. W. Hartley, and W. P. Rowe, unpublished results). Recently, the stunning finding that nondefective avian type C viruses may induce leukemias by transcriptional activation of a particular cell gene (15, 29, 36) has focused attention on the role of viruses as essentially mutagenic agents in tumorigenesis. Thus, gp7O, pl5E, and the LTR might play a role in helping MCF viruses to effectively locate and replicate in their target cells and possibly to integrate preferentially into the chromosome. Alternatively, Scolnick and his collaborators (22) 
